Regional estimates of biogenic volatile organic compound (BVOC) emissions are important inputs for models of atmospheric chemistry and carbon budgets. Since forests are the primary emitters of BVOCs, it is important to develop reliable estimates of their areal coverage and BVOC emission rate. A new system is developed to estimate these emissions for specific tree genera at hourly and county level resolution. The U.S. Department of Agriculture, Forest Service Forest Inventory and Analysis Eastwide Database is used to describe the areal extent, species composition, and tree diameter distributions of United States forests. Horizontal canopy occupancy by genera is then estimated as a function of diameter at breast height. Growing season peak foliar masses are derived from the empirical literature for canopies of deciduous and coniferous genera. A simple canopy model is used to adjust photosynthetically active solar radiation at five vertical levels in the canopy, Leaf temperature and photosynthetically active radiation derived from ambient conditions above the forest canopy are then used to drive empirical equations to estimate genus level emission rates of B VOCs vertically through forest canopies. These genera level estimates are then aggregated to regional levels for comparison with the regulatory model currently used and for input into air quality models. The proposed model yields isoprene emission rate estimates for specific countries that are 5 to 10 times higher (and total B VOC emission rates that are 3 to 5 times higher) than the Environmental Protection Agency BVOC emission rate model currently used. Emission estimates of isoprene and monoterpenes from the new system compare favorably with rates measured at various forested sites in the United States. 1On assignment to the Atmospheric Research and Exposure nitrogen oxides (NOx) versus VOC should be controlled to reduce ambient ozone levels. Current models such as the urban airshed model and the regional oxidant model use empirical algorithms for estimating BVOC emissions from general (deciduous and coniferous) forest categories [Pierce et al., 1990]. Forests are thought to emit approximately 90% of BVOCs, with agricultural and scrublands contributing the balance [Lamb et al., 1987]. BVOC emissions from forested areas are typically estimated by multiplying an emission factor expressed as micrograms of BVOC carbon per gram foliar dry mass per hour (/xg-C g-l h-l) by biomass density and land area factors. For crops the emission rates are expressed as BVOC mass per unit time per unit land area. Lamb et al. [1993] estimates the U.S. annual total BVOC emission flux at 22 to 50 Tg. Uncertainty associated with these estimates is at least a factor of 3.
Introduction
Biogenic volatile organic compounds (BVOCs) are important influences on global tropospheric chemistry, regional photochemical oxidant formation, global carbon budgets, and atmospheric organic acid production [Fehsenfeld et al., 1992] . According to the National Research Council [1991] , the ozone problem in the United States is exacerbated by a policy that has emphasized control of anthropogenic volatile organic compound (VOC) emissions (such as those from motor vehicles and industrial sources) and has neglected the contribution that BVOC emissions make to ozone formation.
Although these emissions are logistically difficult to control, they must be considered in deciding whether anthropogenic
The approach currently used to estimate BVOC emissions on a regional basis in the United States combines foliar mass estimates published by Lamb et al. [1987] with land use coverage from the Geoecology Database [Olson et al., 1980] . Foliar density (grams of dry foliage per square meted is estimated for each county by multiplying foliar density factors with forest area derived from the Geoecology data. Foliar densities are provided for only three forest types to be consistent with available emission factors. Likewise, 106 natural community types reported in the Geoecology data are simplified to oak forests, other deciduous forests, coniferous forests, grassland/range, or barren lands. The Environmental Protection Agency (EPA) regulatory version of this system, the Biogenic Emissions Inventory System is described by Pierce et al. [1990] .
Foliar densities for the three forest types are based primarily on data from the International Biological Program as reported by Leith and Whitaker [1975] , Rasmussen [1972] , and Dasmann [1976] . Foliar densities are apportioned into emission classes and reflect estimated emission class compositions for each forest type as shown in Table 1 .
Biogenic emission fluxes were generated from the computed foliar mass using emission factors published by Lamb et al. [1993] . These factors, shown in Table 2 , are given for each emission category and are based upon a synthesis of available emission measurements. BVOC emission rates increase exponentially (up to approximately 38øC for isoprene) with increasing leaf temperature, while isoprene emission rates also increase with increasing light intensity up to approximately 800/xmol m -2 s -1 [Guenther et al., 1991; Tingey et al., 1979 Tingey et al., , 1980 . The use of general emission rate categories by Lamb et al. [1987] was warranted at the time, since relatively few emission rates were measured from dominant vegetation types and the vegetation databases, likewise, were not specific enough to provide coverage by individual species or genera. More recently, however, a comprehensive database of genus specific emission rate estimates has been developed [Guenther et al., 1994] . In addition, the Department of Agriculture Forest Service has compiled state level forest inventory data in consistent formats for the 37 easternmost states [Hansen et al., 1992] . Using these databases, we develop methods similar to those mentioned by Wells [1981] to estimate the area occupied by each genus in the EWDB and resulting B VOC fluxes which vary as functions of forest canopy and meteorological conditions. The system is outlined in Figure 1 and described below. 
Forest Characterization Forest Extent and Crown Cover
The forest extent, species composition, and diameter distribution data used in this approach are obtained from the most recent EWDB [Hansen et al., 1992] files that were available at the time the study began. Estimates of forest and nonforest area, timber volume, and species composition are all based on a two-phase sample of several hundred thousand sample plots (phase 1) systematically spaced on aerial photographs covering the 37 easternmost states. All sample plots are classified using aerial photo interpretation methods. A subsample of the plots (phase 2) is ground checked, and detailed measurements of forest vegetation are taken. The phase 1 sample provides the area estimates that are associated with each phase 2 sample plot. Phase 2 measurements provide information about conditions that can be observed only on the ground and provide a correction for misclassification and change between the time the photograph was taken and the inventory is being taken. The EWDB contains the data collected at the phase 2 plot and the area data obtained from the phase 1 sample. These areas tend to range from approximately 2,000 to 4,000 ha (5,000 to 10,000 acres) per ground sample plot. Each state is sampled on approximately a 10-year cycle. Figure 2 shows the approximate density of forested ground plot locations in the EWDB. Vegetation was sampled at each location on a cluster of 5-10 subplots in a 0.4-ha (1 acre) area at each location. The diameter breast high (DBH) (i.e., the tree diameter at a height of 1.37 m (4.5 ft) above ground level) and height of trees identified within each cluster were measured and recorded. In some cases, areas that were commercially unproductive and areas where timber harvesting is prohibited, the data do not include tree level statistics. These areas include national and state parks, designated scientific, natural, and wilderness areas, and very unproductive swamps and ridge tops. Less than 1% of the forest land in the study area is classified as such. Forest statistics (species composition and DBH distributions) for these areas are approximated by interpolating between plots in surrounding forests within the same county. Also, some areas contain trees but are not classified as forests. The areas include land with trees inside an urban or suburban area plus windbreaks, shelter belts, and other small areas of trees less than 0.4 ha (1 acre) in size. The total area of these nonforest lands is approximately 1% of the study area. Emissions from trees in these areas were not considered in this study.
The species composition and diameter distributions derived from the EWDB are used to approximate regional forest canopy coverage and foliar mass by genus. Foliagestemwood allometric relationships (the power function estimating foliar mass as a function of DBH) have been used to quantify total biomass yields, forest nutrient status, and air pollution or defoliation impacts for site specific studies. Guenther et al. [1994] and Geron et al. [1992] discuss general application of these functions in estimating crown foliar mass. However, generalization from site to site for a given species can result in biased estimates, since the coefficients of the power function are variable with respect to specific stand and silvical characteristics [Geron and Ruark, 1988] . Shade tolerance, stand density, age, site quality, and com- petition have been found to alter relative growth rates and therefore the parameter estimates of the allometric equation [Satoo, 1962] . Estimating foliage using this approach has been found to yield biases as large as 100% [Marshall and Waring, 1986 ].
Other measures such as stem diameter at the base of the live crown or sapwood cross-sectional area have been used to predict foliar mass or leaf area [Espinosa Bancalari eta!., 1987; Keane and Weetman, 1987; Hungerford, 1987] . These measures often explain much of the variability mentioned above. However, these measures are usually difficult to determine in the field and often necessitate extensive laboratory analysis to arrive at satisfactory estimates.
To ensure a reasonable level of stand foliar mass without the difficulties discussed above, linear regressions are used to estimate crown width as a function of DBH. Horizontal crown area is then calculated for all tree crowns in the overstory (those exposed to direct sunlight) for each plot in the EWDB. The overstory trees are determined by crown position recorded in the EWDB. Dominant, codominant, and intermediate crown positions receive direct sunlight from above, while suppressed understory trees do not. The understory trees account for less than 0.1% of the basal area (the sum of stem cross-sectional areas at 1.37 m tree height) within the EWDB and would therefore be insignificant contributors to BVOC emissions. The DBH-crown width relationships have been found to be independent of site quality, crown class, and stocking [Minckler and Gingrich, 1970] . Two equations (see Table 3 ) are established for ( 
where Crnwd is crown width (meters) and DBH is tree stem diameter (centimeters) at a height of 1.37 m. These equations Minckler and Gingrich [1970] also noted that because of crown interlace and overlap, the calculated canopy area to ground area ratio was often greater than 1. This is also the case in the EWDB data. The crown areas on all plots where the canopy area to ground area ratio exceeded 1 were scaled down proportionally by genus such that the total crown area is equivalent to ground area.
Forest Foliar Mass
Foliar mass is then allocated to the horizontal canopy coverage using published values (determined by destructive sampling or leaf fall collection) from fully stocked stands We assume that foliage occupies the respective horizontal canopy area at these densities for each class. Allocating foliar mass in this manner allows open woodland and under-stocked stands to assume less foliar mass and canopy area per hectare than fully stocked stands, while maintaining realistic maximum foliar masses for fully stocked, closed canopy stands during the period of peak foliation. This method will more realistically approximate relative proportions of foliage in the respective emission rate categories compared to the arbitrary assignments made using the Geoecology [Lamb et al., 1987] and EROS data [Guenther et al., 1994] .
BVOC Emission Rates

Standardized Emission Rates
The database of Guenther et al.
[1994] (see Table 3 ) provides emission rates of isoprene and monoterpenes (/xg-C (g-foliar dry mass) -1 h -1) standardized for bright sunlight (1000 /xmol m -2 s -1) and 30øC for dominant forest tree genera in North America. A third emission rate class aggregates all other volatile organic compounds (OVOC) with a lifetime, under typical tropospheric conditions, of less than 1 day. The rate for this class is currently assumed to be 1.5 /xg-C (g-foliar dry mass)-I h-1. Emission rates for species within a genus have generally been found to fall within _+ 50% of these emission rates [Guenther et al., 1994] . Table 3 lists 
where M is monoterpene emission rate at leaf temperature T (K), Ms is emission rate at T s (= 303 K), and/3 (=0.09) is an empirical coefficient derived from several data sets as discussed by Guenther et al. [1993] . Emissions of OVOC are also assumed to be influenced by temperature in this manner. Long-term or seasonal influences of temperature on monoterpene and OVOC emissions are not currently understood. This is a focus of current experimental work. Since PAR strongly controls isoprene emission rate, a simple algorithm to reduce PAR at lower levels within forest canopies has been developed. PAR is estimated at five levels within canopies as a function of above-canopy PAR and is given by
where PAR/is the PAR flux at canopy level i (i ranges from 1 to 5 with 1 being the upper layer), PAR is the above-canopy PAR flux, EL (=0.42) is the light extinction coefficient for PAR, and LAI is the leaf area index (the ratio of square meters of projected leaf area to square meters of ground area). EL can vary from 0.28 to 0.84, with the higher values associated with coniferous stands having high branch retention [Vose and Swank, 1990] . For most stands, however, values are usually between 0.4 and 0.5. Isoprene emission rates are relatively insensitive to changes in EL within this range.
LAI is assumed to be equal to 3 for pine stands, 5 for deciduous stands, and 7 for Abies, Picea, and Pseudotsuga where SLWi is the specific weight of leaves in layer i. Deciduous broadleaf foliage in the top canopy layer has SLWs nearly twice that of the lowest layer, since leaves in the upper canopy have much more photosynthetic and epidermal tissue per unit area than leaves in the lower canopy [Monk et al., 1970; Jackson, 1966; Jurik, 1986 ]. The foliar mass is therefore skewed toward the upper canopy, which receives more sunlight, resulting in estimated isoprene emissions being about 10% higher than emissions would be without adjusting for vertical changes in SLW. Figure 4 illustrates the effect of the canopy and SLW adjustments on relative isoprene emission rates. Although vertical leaf temperature gradients also occur in forest canopies [Lamb et al., 1994] , transpirational cooling at upper levels also occurs. We currently assume that these leaf temperature influences induce minimal deviations from ambient air temperatures or are counteracting. Therefore they are not explicitly accounted for in this system.
Results and Discussion
Using the methodology described in the previous section, forest area, foliar density, and normalized BVOC emission fluxes have been calculated for every county in the EWDB. Since several hundred genera of vegetation may be present in any given ecosystem, one may wonder if such a scheme can adequately account for such diversity and resulting variability in BVOC emission rates. In order to address this issue, Table 4 shows the area covered by dominant genera within the EWDB. The 16 genera listed in Table 4 cover an estimated 107.6 million hectares, or 85.7% of the estimated 125.6 million hectares of total canopy area for the region.
The total land area of the 2239 counties with the EWDB is 351.8 million hectares, 148.9 million (42%) of which are considered forest. Since the dominant canopy covers 125.6 million hectares, or 84% of the forest area, most eastern forests appear to have closed canopies. These forests are dominated by species within relatively few genera. By understanding BVOC emissions from genera such as Quercus, Carya, Pinus, and Liquidambar, we can better estimate their impact on regional photochemistry and other phenomena. To further rank the EWDB genera in terms of importance as BVOC emitters, a relative emission potential (REP) was calculated for each genus as total standardized BVOC emission rate (corrected for vertical attenuation of solar radiation) multiplied by percentage of total crown area occupied and foliar density. REP in Table 4 expresses the REP for each genus as a percentage of total REP for the study area. The genera Quercus, Liquidambar, Populus, Picea, and Pinus compose 92.5% of this potential, with
Quercus dominating emissions because of its •bundance and high isoprene emission rate.
Although 26 of the 75 genera in Table 3 have not been tested for BVOC emission rates, the calculated areal coverage of these genera is small. Only 3.5% of the estimated crown coverage is composed of these genera. The genera Ostrya, Tilia, Crataegus, and Larix compose most of this area. All genera covering significant areas within the study region have been tested for at least isoprene and monoterpene emission rates. Table 5 . Actual BVOC emission rate measurements have been made in these areas. Comparisons between predicted and actual emission rates are presented later in this paper and in future studies. Table 5 
Lamb et al. [1994] use the Geoecology data discussed earlier and a more sophisticated canopy model to adjust both PAR and leaf temperature vertically through forest canopies. This model, the Biogenic Emission Inventory System (BEIS) is currently used as the EPA regulatory BVOC emission estimation system. Standardized hourly emission rates from these two systems for forests in selected regions under varying light and temperature conditions are compared in
reveals large differences in isoprene emission estimated between the two systems. The systems differ in their standardized emission rates, forest composition, vertical canopy environment models, and environmental correction algorithms. Guenther et al.
[1994] discuss artifacts in previous isoprene emission rate factors that are likely to be responsible for underestimating leaf level isoprene emission rates derived from branch or seedling enclosure experiments. In some of these past studies, estimates of PAR outside of enclosures were assumed to be incident upon all primarily due to a transition to maple-beech-birch (Acer-Fagus-Betula) dominated forests with a smaller Quercus composition. The maple-beech-birch genera have all been found to be consistently low emitters of isoprene. Scattered parcels of oak woodlands also occur in the Plains region, causing higher emissions there. In the northern lake states and New England regions, isoprene emissions are also higher because of the abundance of spruce (Picea) forests. These forests emit isoprene at lower rates per unit foliage than oak forests but carry higher foliar masses. Tsoprene emission rates in these regions differ substantially from those estimated by BETS [Geron et al., 1992] because of higher emission rates and foliar masses than are assumed for these forests in BETS. Figure 5b) are highest in the northern sprucerfir-pine (Picea-Abies-Pinus) forests, again because of high foliar masses and emission rates associated with these genera. Likewise the abundance of pines and sweetgum found along the southern coastal plain and lower Piedmont contribute to higher emission there compared to the interior eastern United States Since isoprene emissions are approximately 2 to 5 times higher than monoterpenes and OVOC in most regions, the general pattern of total B VOC emissions (Figure 5c ) resembles that of isoprene emissions (Figure 5a) . Primary differences between estimates from this system and others are higher total emissions in the northernmost areas, lower relative emission rates in the Ohio Valley and the lower northeast, and pronounced peaks in total BVOC emission rates in the Appalachian and Ozark mountain ranges. Figures 6a, 6b, and 6c show county level isoprene, monoterpene, and total B VOC emissions, respectively, s-l). The plots reveal patterns associated with factors discussed above but are also impacted by the percentage of forest coverage within each county.
spp) and gums (Nyssa and Liquidambar). A sharp decline in isoprene emissions occurs north of the Appalachians. This is Table 5. Estimated Hourly Emission Rates (mg-C m -2 h -1) of Isoprene, Sum of Monoterpenes and Other Volatile Organic Compounds and Total Biogenic Volatile Organic Compounds From the Two Systems for
Forests in Selected Areas
Forest monoterpene emissions (
County average isoprene emissions (Figure 6a ) are still highest in the South, especially along the Appalachian corridor and in the Ozark mountain range. Isoprene emission rates from these areas contrast even more sharply with those from the surrounding areas because of the high density of isoprene-emitting genera and large expanses of forested land. Forests in the Piedmont and mountain areas have not been converted to other land uses at the same rate as other regions. Secondarily high emissions are shown in the far northern counties because of significant areas in natural and managed spruce stands. Clearing of forests from the Ohio Valley to the Great Plains accounts for the uniformly low isoprene emission rates in these areas, even though small local forests may emit at high rates.
County average monoterpene emission rates (Figure 6b ) show a pattern not noted in other regional estimates to date. The high foliar biomass levels and uniform expanses of spruce-fir-pine forests cause standardized emission rates to be higher than rates in the South. The southern coastal plain has secondarily high rates, but apparently the scattered nature of pine stands dilutes their impact on monoterpene emissions compared to the far northern portions of the study area. It should be noted that the area converted to commer- ..................... developed to estimate emissions from tree genera in this region as well. The emissions measured at these sites should represent reasonable data for model comparison. Foliar mass estimates were derived by applying the crown area equations (1) and (2) and the density estimates from Table 3 to the DBH distribution data from either (1) the EWDB data in the vicinity of each site or (2) DBH distribution data collected by crews at each site during the emission measurement experiment. Foliar mass estimates at these sites were also developed using allometric equations between DBH and foliar mass and are reported by Arnts et al. [1978] , Guenther et al. [1994] , and Lamb et al. [1985, 1986] . Biomass estimates were in general agreement (_+20%) for all sites except for the Washington oak and Douglas fir stands. It is likely that the Douglas fir foliar mass estimate of 830 g m -2 [Lamb et al., 1985] is more realistic than the 1500 g m -2 we estimate, because the former was based on equations developed for trees specific to that site. Furthermore, stand level foliar mass data for fully stocked Douglas fir stands are limited (see •:,,.. -,...z.•,. ;.•::: .... (3)-(6)). Leaf area indices from Table 3 were used to attenuate PAR in equation (7) through forest canopies at each site. Figures 7a and 7b show the relationship between predicted and observed isoprene and monoterpene emission rates, respectively. In each case, 67% of predicted emissions are Within 50% of measured rates. Figures 8a and 8b ........................... Observed monoterpene emissions show similar patterns with respect to model estimates. The model overestimates five of the seven emission rates for the Washington Douglas fir forest. This may be partly due to our likely overestimate of biomass density for this site. The model also underpredicts some emissions from the North Carolina 1oblolly pine stand. On the other hand, the model overpredicts emissions from another 1oblolly pine stand in eastern North Carolina [Arnts et al., 1982] by a factor of roughly 2 to 4 (data not shown). It should be noted that a pinene was the only monoterpene emission quantified from these coniferous forests. However, the authors working at these respective sites found that a pinene composed roughly 80% of the total monoterpenes detected. These authors have speculated that factors such as relative humidity, terpene production and storage, and plant phenology may contribute to uncertainty in current model estimates of monoterpenes. The satellite-derived EROS data used by Guenther et al. [1994] shows promise in delineating vegetation types in homogenous forested areas. By using relationships between vegetation indices and productivity, foliar mass, and leaf area, these data can be used to estimate canopy parameters needed for models of trace gas exchange. Development of such approaches will provide model inputs which reflect temporal and spatial variability due to climatic and site quality differences that are currently addressed only empirically. It is envisioned that spectral characteristics from the LANDSAT thematic mapper data could be coupled with survey information available from the EWDB or other urban forest inventories, including those derived from aerial photography.
Monoterpenes
Complex terrain in urban air sheds also needs to be better characterized. The EWDB describes only forest parcels 0.4 ha (1 acre) or larger. Urban vegetation in smaller tracts may contribute significant BVOC in urban areas such as Atlanta which have substantial tree cover.
Accounting for leaf angle, energy balance, and moisture at landscape scales in forest canopy architecture and microenvironment models will greatly influence the light and temperature environments of BVOC-emitting foliage, which have been illustrated as the primary controls of BVOC emissions.
